Background: Obesity occurs due to the interaction between the genetic background and environmental factors, including an increased food intake and a sedentary lifestyle. Nowadays, it is clear that there is a specific circuit, called leptin-melanocortin pathway, which stimulates and suppresses food intake and energy expenditure. Therefore, the aim of this study was to evaluate the influence of genetic variants related to appetite regulation and energy expenditure on severe obesity susceptibility and metabolic phenotypes in a Brazilian cohort. Material and methods: A total of 490 participants were selected (298 severely obese subjects and 192 normal-weight individuals). Genomic DNA was extracted and polymorphisms in protein related to agouti (AGRP; rs5030980), ghrelin (GHRL; rs696217), neuropeptide Y (NPY; rs535870237), melanocortin 4 receptor (MC4R; rs17782313), brain-derived neurotrophic factor (BDNF; rs4074134) and fat mass and obesity-associated (FTO; rs9939609) genes were genotyped using TaqMan® probes. Demographic, anthropometric, biochemical and blood pressure parameters were obtained from the participants. Results: Our results showed that FTO rs9939609 was associated with severe obesity susceptibility. This polymorphism was also related to body weight, body mass index (BMI), waist to weight ratio (WWR) and inverted BMI. Individuals carrying the mutant allele (A) showed higher levels of BMI as well as lower values of WWR and inverted BMI. Conclusion: This study showed that FTO rs9939609 polymorphism plays a significant role in predisposing severe obesity in a Brazilian population. Keywords: leptin-melanocortin pathway, FTO, obesity, polymorphisms, hypothalamus
Introduction
Obesity is a serious health and economic problem in the world, affecting low-, middleand high-income countries. 1, 2 It is defined as an excess in body fat accumulation and can be qualitatively measured using a body mass index (BMI, BMI ≥ 30 kg/m 2 ). Recent data estimated that obesity has almost tripled since the 70s and there were more than 650 million obese adults worldwide in 2016. 1 In Brazil, 11.7% of men and 20.6% of women are obese. 3 This high prevalence can be explained by environmental changes, resulting in an energy imbalance caused by excessive caloric intake and diminished physical activity. Moreover, obesity is a major risk factor for several comorbidities, including type 2 diabetes, hypertension, osteoarthritis, cardiovascular diseases and some cancers. 1 In addition, there is evidence that higher BMI causes a proportional higher risk for these comorbidities and also higher mortality. 4 Obesity is a complex phenotype influenced by genetic, psychological, behavioral, nutritional and environmental factors. 5 The most common form of obesity seems not to follow a Mendelian inheritance model and is caused by an interaction of environmental factors with multiple genetic variants with minor effect. 6 Within the last couple of years, genome-wide association (GWA) and whole exome studies (WES) have identified several variants associated with obesity; however, most of the genetic contribution for this disease remains unknown. [7] [8] [9] [10] [11] Furthermore, the association between the genetic variants and obesity was replicated mainly in European and Asian cohorts, while for Latin American populations data are still scarce. 10, [12] [13] [14] Many of the identified obesity genes are expressed and/ or act in the central nervous system (CNS), suggesting a neuronal component in obesity susceptibility. 8 There, a specific circuit, called leptin-melanocortin pathway, promotes and suppresses appetite and energy expenditure. 15, 16 Ghrelin (GHRL) is abundantly secreted by the stomach when the body is in restriction of food and low energy stock. This peptide binds to the ghrelin receptor and increases the expression of neuropeptide Y (NPY) and agouti-related protein (AgRP) in the orexigenic neurons. 15, 17, 18 These neurons project from the arcuate nucleus (ARC) to the paraventricular nucleus (PVN) of the hypothalamus, where AgRP acts as antagonist of the melanocortin-4 receptor (MC4R) and NPY binds to its receptor, increasing appetite and decreasing energy expenditure. 15, 18 Leptin (LEP) is mainly secreted by adipocytes when the body has adiposity and/or the energy was replacement. Within the hypothalamus, LEP binds to orexigenic neurons and inhibits this pathway through AgRP/NPY production. Furthermore, LEP also binds to anorexigenic neurons and stimulates this pathway through the expression of proopiomelanocortin (POMC) and cocaine and amphetamine-related transcript (CART). Both proteins activate MC4R in the PVN, decreasing the appetite and increasing energy expenditure. 6, 18, 19 In addition, other genes expressed in hypothalamic areas also appear to have a neuronal effect on energy balance and appetite, including brain-derived neurotrophic factor (BDNF) and fat mass and obesity-associated (FTO) genes. 7, 13 BDNF has an important role in neuronal survival, maturation and differentiation during hypothalamic development, where it modulates energy metabolism. [20] [21] [22] [23] FTO encodes a demethylation enzyme that plays a central role in the regulation of food intake and energy expenditure in mice and humans. This is supported by studies showing that FTO variants have influence on satiety, food choices and energy intake. [24] [25] [26] [27] In rodent models, Fto overexpression in hypothalamus led to an increase of food consumption and body fat mass, while a reduced expression of Fto mRNA increased the energy expenditure and resulted in a lean phenotype. 28, 29 Individuals vary in their perceptions of hunger and satiety, and genetic variants associated with appetite regulation may predispose to obesity risk (Table 1) . Consequently, it is important to understand these relations in order to design strategies for the prevention of obesity. Therefore, the aim of this study was to investigate whether polymorphisms belonging to genes expressed in the hypothalamic region could influence severe obesity susceptibility. Additionally, we also explored the role of these polymorphisms on obesity-related traits, blood pressure and biochemical parameters.
Materials and methods

Study population
This case-control cross-sectional study enrolled men and women, aged 18 to 70 years from Rio de Janeiro, southeast of Brazil. A total of 527 participants were recruited between July 2012 and December 2017. The selection of this cohort was described previously. 11 Briefly, inclusion criteria were participants with normal-weight (controls, 18.5≤ BMI ≤24.9 kg/m 2 ) and obesity (cases, BMI ≥30 kg/m 2 ). 30 The case group was recruited from a non-governmental organization, called Rescue Group to Self-Esteem and Citizenship of the Obese (in Portuguese, "Grupo de Resgate à Autoestima e Cidadania do Obeso"); and the control group was composed of volunteers from public hospitals in the same city. The exclusion criteria were pregnancy, lactation, and the use of medication to lose or gain weight directly. Pharmacological treatment for mental illness (depression and anxiety) and type 2 diabetes (T2D) was not an exclusion criterion for our study. Clinical and demographic information, anthropometric measurements, blood pressure and peripheral blood collection for biochemical and genetic analyses were obtained from all participants.
From the total of 527 subjects, a subsample was selected. Individuals with obesity with BMI lower than 35 kg/m 2 were excluded from the analyses (n=31). Moreover, subjects who self-reported as Asian (n=5) and indigenous (n=1) were also excluded. Therefore, 490 participants were included in our 
Demographic variables
Race/skin color was self-reported and categorized according to the criteria of the Demographic Census conducted by the Brazilian Institute of Geography and Statistics (white, brown, black, yellow [Asian] and indigenous). Marital status was stratified as single, married/cohabiting, separated/divorced and widower. Cigarette smoking status was classified as "never smoked" or "already smoked" (current smokers and exsmokers). Physical activity was classified as "yes", if the participants have been practicing activities during the last month, or "no". All information was self-reported and collected using standardized questionnaires by trained interviewers.
Body composition and biochemical analyses
All participants were examined following an overnight fast. Body weight, height, waist and hip circumferences were obtained for each participant. Waist circumference (WC) was measured at the midway between the iliac crest and the last costal arch. Hip circumference (HC) was measured around the greater trochanters. Further, BMI, inverted BMI, waist to weight ratio (WWR), waist to height ratio and waist to hip ratio (WHR) were calculated in order to estimate the pattern of fat distribution. BMI was calculated as weight (kilograms) divided by the square of height (meters). Body adiposity index (BAI) estimates the percentage of total fat and was calculated by the formula: hip circumference/(height 1.5 )-18. 31 Blood pressure was recorded in the sitting position using a wrist blood pressure monitor. Hypertension was diagnosed by blood pressure equal or higher than 140×90 mm Hg, or use of antihypertensive drug therapy.
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Blood samples were collected in order to measure fasting plasma glucose, total cholesterol (TC), highdensity lipoprotein cholesterol (HDL-c) and triglyceride (TG) using the oxidase-peroxidase method (BioSystems). Low-density lipoprotein cholesterol (LDL-c) was calculated by the Friedewald formula (LDL-c = TC -HDLc -TG/5). Additionally, C-reactive protein (CRP) was measured by the latex agglutination method and glycated hemoglobin was evaluated using turbidimetric inhibition immunoassay (TINIA). Individuals using medication for these biochemical parameters or blood pressure had their values excluded from the statistical analyses.
Genotyping
Genomic DNA was isolated from peripheral blood leukocytes using the QIAamp Blood Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. Genotypes for AGRP (rs5030980; C>T), BDNF (rs4074134; C>T), FTO 
Statistical analysis
Normality of continuous variables was analyzed using Kolmogorov-Smirnov and Shapiro-Wilk tests. Continuous parameters were presented as median and interquartile, since they were shown as non-normally distributed data. Categorical variables were presented as number and percentages. Differences between the case and control groups were evaluated using Mann-Whitney (quantitative parameters) or Chi-square tests (qualitative parameters). The effect of potential variables (age, gender, race/skin, marital status, smoking status and physical activity practice) was investigated for severe obesity and was incorporated as covariate in the model when P≤0.05.
Genotype and allele frequencies were estimated by gene counting. Hardy-Weinberg Equilibrium (HWE) was checked for all polymorphisms using Chi-square test. Association of each polymorphism with obesity status was performed by logistic regression analysis in additive, dominant and recessive models. Odds ratio (OR) and 95% confidence intervals (CI) were also calculated. The same analyses were also performed using allele frequencies. All analyses were adjusted for age and gender (model 1) and further adjusted for age, gender, race/skin color, marital status and exercises habits (model 2). Additionally, genotype score counting was used to calculate the number of risk alleles for each participant as earlier described by Shabana and coworkers. 33 The influence of the combined risk alleles on severe obesity susceptibility was tested by logistic regression and adjusted for the covariates (model 2). The number of risk alleles per group was shown as mean (standard deviation) and the comparison between the groups was carried out by independent sample t-tests.
The influence of each polymorphism on the quantitative variables related to obesity was tested using linear regression analysis after a logarithmic transformation of these parameters. Gender, age, race/skin color, marital status and exercises habits were used as possible confounding variables for body weight, BMI, inverted BMI and WWR. Those parameters and BMI were used as covariates for all other biochemical, blood pressure and anthropometric parameters.
All statistic tests were performed using SPSS software version for Windows (SPSS, Chicago, IL, USA). Since different polymorphisms were studied, a Bonferroni's correction for multiple comparisons was used and a corrected P-value of 0.01 was applied as a significance cutoff.
Results
The characteristics of study population are shown in Table S1 . ). In terms of clinical and demographic characteristics, a reduced prevalence of cases with white skin and singles were observed, whereas controls were significantly younger and practiced more physical activities. All those variables were included as covariates in the case-control association analyses in order to remove bias from confounding factors. As expected, participants with severe obesity had higher anthropometric, blood pressure and biochemical levels when compared to the normal-weight subjects. The exceptions were in height, inverted BMI, waist to height ratio and HDL-cholesterol, in which the control group had higher values. In addition, the proportion of subjects with hypertension and T2D was 69.8% and 20.2% among severely obese patients, respectively, whereas the values for the controls were 4.7% and 0%, respectively.
Association of the studied polymorphisms with severe obesity Allele and genotype frequencies were obtained for all polymorphisms (Table 2) . AGRP rs5030980 polymorphism showed a low frequency in our sample, and we did not find any homozygous for the risk allele (TT). Genetic analyses of AGRP rs5030980 were performed using only wild-type and heterozygous genotypes. Regarding GHRL rs696217 polymorphism, we identified only one homozygous subject for the risk allele (T) and our analyses were carried out in the dominant model (GG vs GT+TT). Furthermore, no 17-bp deletion (rs535870237) was identified in the NPY gene. Therefore, only five polymorphisms were included in our analyses (rs5030980, rs4074134, rs9939609, rs696217 and rs17782313). None of them deviated from HWE for both case and control groups (P>0.05; data not shown).
Results of our case-control analyses are also presented in Table 2 . The comparison between genotype frequencies showed that FTO rs9939609 AA genotype was associated with severe 
Effect of combined risk alleles on obesity susceptibility
We investigated the influence of the gene score on obesity status. The results showed that 10.1% of severely obese had more than four risk alleles, whereas in normal-weight group only 5.7% of individuals had these number of risk alleles. The average number of risk alleles was higher in cases ( 
Association of polymorphisms with metabolic parameters
We also evaluated the potential influence of the studied polymorphisms on anthropometric, blood pressure and biochemical parameters ( 
Discussion
In the present study, we evaluated the contribution of variants in six genes (AGRP, BDNF, FTO, GHRL, MC4R and NPY) in the development of severe obesity in a Brazilian cohort. The products of these genes are expressed or act in the hypothalamic region, and they have been directly or indirectly associated with food intake and basal energy expenditure. 6, 34 Several polymorphisms were identified in these genes; however, their association with obesity varies with the ethnicity of the population. 12, 14, [33] [34] [35] Interestingly, FTO was locus that presented the most significant association with severe obesity in our cohort. Previous GWA studies have reported that polymorphisms in intron 1 of this gene are associated with obesity susceptibility. [36] [37] [38] Furthermore, the relationship between FTO rs9939609 and obesity has been reported in Brazilian and in other populations. 34, [39] [40] [41] However, FTO rs9939609 does not appear to influence obesity susceptibility in Egyptian and six Oceanic populations. León-Mimila et al 13 reported that FTO rs9939609 was associated with obesity in a Mexican adult population. Interestingly, the strongest and most significant relation was observed in individuals with morbid obesity (BMI ≥ 40 kg/m 2 ). This positive association was also observed in a Brazilian and an Italian cohort. 44, 45 García-Solís reported a similar significant association between FTO rs9939609 and obesity in Mexican children. 34 However, this finding was not replicated in a different children group from the same population or in an Egyptian cohort. 13, 42 Regarding the influence of polymorphisms on phenotype variables, we observed an association of FTO rs9939609 with several anthropometric parameters (body weight, BMI, WWR and inverted BMI), after excluding possible confounders. However, this polymorphism was not associated with the biochemical parameters or blood pressure. Similarly, Marcadenti et al 46 reported that this polymorphism has a positive association with BMI and neck circumference in patients with hypertension from the south of Brazil. They did not observe an effect of FTO rs9939609 also on blood pressure and other anthropometric variables in their overall population. León-Mimila et al 13 observed that the Mexican Indigenous adults carrying one risk alleles had an increase of 1.22 kg/m 2 in BMI.
42,43
They also reported that this polymorphism was marginally associated with lower triglyceride levels in MexicanMestizo adults, but no association was found with BMI, WC, HC, glucose, TC or HDL-c. Sentinelli et al 45 observed that rs9939609 was associated with BMI and WC. However, no association was found between this polymorphism and biochemical parameters, similar to our results. In Egyptian children and adolescents, FTO rs9939609 was only correlated with LDL-cholesterol. 42 Reasons for the discrepancies might be explained by differences in the genetic background as well as the sample criteria, since we have selected only patients with severe obesity and adults. FTO is mainly expressed in the hypothalamus and encodes a nucleic acid demethylase which cleaves the methyl groups from nucleotides in the DNA and in the RNA. This nucleic acid demethylation activity may suggest that FTO influences the development of obesity at the epigenetic level. 47 Despite the fact that the function of FTO is not totally understood, it is suggested that it may have an important role on satiety, food consumption and energy expenditure. [25] [26] [27] This is supported by studies with murine models that lack FTO function and/or Fto expression. These mice presented an increase in energy expenditure and a lean phenotype. 28, 48 In addition, the overexpression of Fto resulted in increased food intake, body weight and fat mass. 29 Magno et al 25 reported that FTO rs9939609 may have an important role in the hunger and satiety sensations in a cohort of morbidly obese females from Brazil. Cecil et al 49 also demonstrated that this polymorphism influenced appetite and food choice. FTO rs9939609 polymorphism is located in intron 1 and it seems to exert functional effects on FTO by modulation its expression or it is in linkage disequilibrium with another causative genetic variant. 47, 50 More functional studies are required to elucidate the role of FTO rs99309609 in the development of obesity. Furthermore, we have studied different genetic variants in the leptin-melanocortin pathway, but they were not associated with severe obesity susceptibility as well as obesity-related traits in our cohort. As shown in Table 1 , the association between these polymorphisms and obesity is controversial in the literature. GHRL rs696217 was previously related to adiposity in the Japanese population, in which carriers of one risk allele had an increase of 0.18 kg/m 2 of BMI. 10 However, this positive association was not observed in a cohort of Italians and French families, similar to our results. 51, 52 The discrepancies may be explained by the different genetic backgrounds between the populations, since the frequency of the risk allele is 20% in Japanese individuals and only 8% in Caucasians.
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AGRP rs5030980 polymorphism was associated with anorexia nervosa and also a reduction in BMI, body weight and body fat. [53] [54] [55] In addition, carriers of wild-type genotype were related to total and abdominal adiposity in individuals with late-onset obesity. 56 Controversially, this polymorphism was not associated with BMI in cohorts from Latvia and the Netherlands. 12, 57 Regarding NPY gene, a 17-bp deletion in the 5ʹUTR was analyzed in our study. We did not find individuals carrying this deletion, suggesting that this genetic variant is rare in our population. Bray et al. 58 identified this deletion in only one family with morbid obesity. Additionally, the 1000 genomes project also observed a low frequency of this variant in the general population (0.04%). MC4R rs17782313 polymorphism is located near the gene and was previously associated with obesity and anthropometric variables in Asian and European populations. [59] [60] [61] However, such results were not found in a cohort of Africans and East Asians. 35, 62 In this present study, we observed that the genotype and allele frequencies were similar between case and control groups. Grant et al. 63 found a similar result, in which no association was observed between MC4R rs17782313 and obesity in Afro-American individuals. Thus, all these findings suggest that the influence of MC4R rs17782313 on the risk for obesity is dependent on the ethnic group. Finally, few studies have analyzed BDNF rs4074134 variation and most of them were in Asian populations. 35, 64 Han et al 64 found that this polymorphism was associated with the reduction of BMI, WC, glucose, insulin and the risk for T2D in the Chinese population. However, this genetic variation was positively associated with obesity susceptibility in a sample of Japanese subjects. The discrepancy of these results, and ours, could be explained by differences in the genetic background between the populations and the selection criteria of the samples. Several limitations should be taken into account before interpreting the results. Despite including race/ skin color as covariates, we did not genotype ancestry markers to control for population substructures. We were unable to consider the fluctuation over time of anthropometric, biochemical and blood pressure parameters, since we performed a cross-sectional study. We were not able to exclude patients treated for mental illness and T2D, which may impact the parameters measured. In addition, we do not have information about energy intake, appetite or satiety. Finally, we cannot completely exclude the role of environmental variables, which could impact on the development of severe obesity.
Conclusion
Obesity is caused by the interaction between the individual genetic background and environmental factors, especially due to increased food intake and reduced energy expenditure. It is known that there is a specific circuit in the hypothalamus which can control energy balance. Genetic variants in the genes that act on this system may have an important role in obesity susceptibility. In our study, a significant association between severe obesity and FTO rs9939609 was found in our sample. Additionally, the presence of FTO risk allele was associated with higher body weight and BMI, and lower inverted BMI and WWR. No association was observed in the other studied polymorphisms. These finds suggest that FTO has an important role in severe obesity risk in a Brazilian population.
Supplementary materials PCR procedure for NPY polymorphism
The region was amplified using custom designed primers (forward: 5'-GCGGCGAGGAAGCTCCATAA-3'; reverse: 5'-CCTAGACAGACGGGTCGTAG-3'). PCR reactions (25 Notes: Data are presented as median values (interquartile range 25-75%) for quantitative traits and n (%) for qualitative traits. Data were analyzed by Mann-Whitney Test (for non-normally distributed continuous variables) or χ2 test (for categorical variables). P*-value for differences between severely obese and normal-weight subjects. Abbreviations: BMI, Body Mass Index; WHR, Waist-hip ratio; BAI, Body Adipose Index; SBP, Systolic blood pressure; DBP, Diastolic blood pressure; HDL cholesterol, High-density lipoprotein-cholesterol; LDL cholesterol, Low-density lipoprotein-cholesterol; CRP, C-reactive protein.
Table S2 Association of polymorphisms studied and anthropometric, biochemical and blood pressure variables
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